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THEME

! Studies of the characteristics and the effects of the arctic ionosphere on radio and

: radar propagation have been conducted for many years. The experimental and theoretical
' efforts recently expended necessitated a meeting of active workers in this field. The
objectives were to summarize the current state of knowledge of 1adar-arctic propagation.
and to determine and recommend where additional investigations are required.

The characteristics of radar propagation in the arctic ionosphere, such as amplitude,
phase and angle scintillation, auroral clutter and auroral noise affecting VHF-UHF
transmissions are of concern. For HF transmissions, the additional ionospheric phenomena
of interest are, spread F. sporadic E, auroral absorption, polar cap absorption, and traveling
ionospheric disturbances. The current status of experimental and theoretical data on the
propagation limitations of these effects in the frequency range from appreximately 1 MHz
to 10 GHz and the correlation of these eifects with such phenomena as magnetic activity,
optical aurora and particle precipitation were considered at the meeting.

CW and pulse transmissions were treated for propagation paths traversing the arctic

regions. [nvestigations of the arctic-ionospheric propagdation characteristics utilizing radio
astronomical and satellite transmissions were particularly applicable to this meeting.

George H.Millmann
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EDITOR’S FOREWORD

This book contains papers and discussions of the Electromagnetic Wave Propagation
Panel Specialists Meeting on ‘‘RiJar Propagation in the Arctic’ held at Lindau/Harz,
Federal Republic of Germany in September 1971,

This type of book is of little value if it is not made quickly available to the scieatific
and technical community. For this reason the Program Chairman selected the papers to
be presented and included in the Proceedings, on the basis of abstracts that were
submitted 6 months before the mecting. The authors were asked to complete their papers
and prepare them for photocopying betore the meeting. The papers have not beer. edited
or changed in any fashion in the interest of rapid publication.

The discussions were recorded by having the participants write down their own
questions, answers or comments during or after the sessions,

The Editor has made some changes in the discussion comments in view of the contents
of the written versions of the papers.

The discussion of Session VII was recorded on tape, transcribed, condensed and
rephrased by the Editor.

J.Frihagen
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RESEARCH TASKS CONCERNING NATO SURVEILLANCE
IN THE ARCTIC REGION

by

H.J. ALBRECHT
Chairman, NATO-TACSATCOM Committee

Without going too much into the historic development of the North Atlantic Treaty Organization, we should remember
that this great international community was born in 1949 as the answer cf the West to the threat presented by the steadily
increasing strength of the Soviet Bloc. In subseauent years, more and more nations joined this collective defence system
and now cooperate in the protection of the whole of the Atlantic Area.

During the last twenty years, the NATO-created balance of military forces between East and West has prevented further
communist goins. More and more examples of Soviet expansion tendencies have confirmed the need of strong Western forces
which help to maintain this balance of power.

The Eastern Nations have combined their forces in accordance with the Warsaw Pact, Their strength has increased more
rapidly than that of NATO, On the other hand, the higher quality of the military power available on the Western side has
to be emphasized, An additional, perhops more political aspect is presented by the fact that Soviet troops in Central Europe
have to be considered as part of an occupational force.

The threat to which Western Nations are e:.posed is generally anclyzed in accordance with geographic regions. Recent
reports have frequently referred to the increase of Soviet naval power in the Mediterrunean Area. On the other hand, there
are the Central European and the northern regions. Since one of .he moin tasks of NATO is the maintenance of forces and a
steady surveillance in all geographic areas of strategic importance, the northern and the central zones must ot be neglected,
even if major attention is directed at the balance of power in onother area.

With regard to the northern flank of NATO, the appropriate military command is represented by AFNORTH, the Northern

European Comimand located at Kolsaas in Norway and the Allied Command Atlantic, called ACLANT with its headquarters

at Norfolk, Virginia, United States of America. Analyzing in detail the military threat in the Arctic Region, the effective
frontier between NATO and Warsaw Pact Nations leads from Northern Norway via Spitzbergen at 650 km from the extreme
North of Norway to Greenland, and extends towords the islands of Northern Canada ond Alaska. Beside national troops and
units integrated in NATO, a mobile force under direct NATO command is of extreme importance for the defence of the
northern NATO region, It hos been established to be available at short notice and comprises army units from Canada, Italy,
and the United Kingdom and parat-o.ps from Belgium, the Netherlands, United Kingdom, and United States of America.

With porticular regord te naval activities, the Soviet navy is considerably active in the Northern Atlantic Region. In
principle, Soviet fleets may be capable of challenging the West wherever arcessibie waters exist. An important foctor is
presentad by the submarine force and by naval units capable of missile launcning. This leads to another important type of
threat: short-range and long-range missiles. Their warheads may be of conventional or nuclear type. Flight poths in the
Arctic Region display relatively short distances between launching bases and some NATO countries.

Summarizing, the northern port of the gengraphic area covered by the North Atlontic Treaty Organization is particu-
lorly exposed to enemy attack. The degree of threat has to be recognized and monitored ronstantly. This is one of the
essential tasks of NATO wiveillance.

Depending upon the octual objective, surveillance can best be achieved by optical, electronic, or even acoustic
means, Optical and accustic methods of detecting enemy movements on land, on sea, in air or in spacc require relatively
short distances between the object and the monitor.

One of the most important methods of surveillonce is represented by electronic means. In principle, hoth, passive and
active methods, exist. The former iaclude all monitoring systems directed at the enemy’s transmissions for the purposc of
communications, navigation, as well as his radar surveillance. On the other hond, the last-mentionad method represents
the active type if used in the conventional way of analyzing one’s own signal reflected by an enemy object, i.e. by
RADAR. The more elaborate the systrms, the more conclusive cen be the 12sults,

With particular reference to the methods of surveillance used on the northern flank of the NATO strategic environment,
electronic warning systems play o decisive role. The northern frontier between NATO- and Warsaw Pact Nations is com-
pletely covered by radar warning systems. Radar may be used on suitable frequencies which extend from HF to VHF and
UHF ranges. In principle, the utilization of rodar ond radio links is limited by several foctors, one of them being the be-
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haviour of the propagation medium. Such limitations are particularly pronounced in certain geographical zones, Predomi-
nant are the effects on "Rador Propagation in the Arctic".,

Your specialists’ meeting on this topic will deal in particular with all the relevont results of research work achieved
up to now. It will thus presznt a summary of the current state of understanding the problems connected with radar propoga-
tion in this geographic regiun of so vital importance to NATO, The different Arctic propogation effects io be dealt with by
this meeting cover m e than those relevant to radar use, because the effectiveness of propagation limitations on communi-
cation and navigation links is very similar,

The aurora zone is frequently taken as an indication of particularly intense changes in propagation conditions,

Following the fundamental research work by Sir Edward Appleton and his cc 'laborators in the early twenties, the
analysis of the ionosphere was carried out on o world-wide basis. Particular attention has been paid to the polar region on
account of the higher variability and larger number of unknowns in that geogrophic area. In combination with optical ob-
servations of aurora activities and, later on, the aurora backscatter for VHF and UHF transmissions, more and more infor-
mation was gathered on the effects of Arctic propagation media. Yet, even at this stage, quite a number of unknown factors
exists and presents themselves os research objectives.

To some degree, the progressive change in communication systems emphasizes the importance of gaining complete ur-
derstanding on the behaviour of propagation media. A typical example is represented by the use of sotellites for communi-
cation and navigation purposes. With terrestrial terminals in higher latitudes, elevation angles appropriate for NATO
satellite communication links are small with satellite orbits around the equatorial plane. Thus paths affected are longer
and detrimental effects are enhanced, Typical visibility ranges for a satellite in geostationary orbit show o NATO-wide
coverage, A complete session in your meeting witl deal with polar scintillations which have a decisive bearing on ompiitude
and phase stability of sicnals possing through the atmosphere to spacecraft or satellites.

In principle, there is no technical system which cannot be improved if time and oppropriate means are available.
Although the surveillance systems presently used by NATO may already be regarded optimum, their effectiveness con still
be improved if new progress in research and development is token into account.

With regard to the subject under discussion in this lead poper, three main areas of possible progress are indicated:

techrology
recognition and extension of system limitations
definition and accurate prediction of propogation-medium behaviour.

A an example, technological progress may establish the usefulness of new portions of the electromagnetic frequency
spectrum and thereby extend the system limitations beyond the range 1 MHz to 10 GHz. Appropriate work is being under-
tnken on a NATO-wide bosis and particular attention has to be paid to the applications of those frequencies in the polar
region. Obviously, one of the important limitations with regard to such high frequencies is presented by the propagation
medium itself, Thus the third point mentioned is of equal if not more importance,

As another possible example of improving the surveillonce, the general field of combining several surveillance sub-
systems may offer new aspects. Such hybrid systems have come into being with the develcpment of computers ar-d their
general empioyment in the strotegic and tactical field. Progress being constantly made in the field generally defined as
Command and Control will open up new roads to better surveillance.

Ever since the commencement of tne North Atlantic Treaty Organization in 1949 ond the associated programmes of
research, development and production, new results have been obtained on @ NATO-wide basis. The multinational coopera-
tion has been mutually profitable for all participating nations, This is continuously being verified by programmes which have
olready been concluded and other projects still being undertaken by NATO or a number of nations belonging to NATO, It
has also been proved that efficient management on a multinational basis is extremely important and represents one of the
secrets of success. As an example, complete duplication of research work may be considered o useless expenditure, but
permitting two or more groups to investigate simuitaneously the same project on somewhat different lines certainiy results
in a stimulation of acrivities.

N»wadays, as never before, the safety of a nation or o union of nations is so much connected to and so much depends
on results gained in the development of new defence meuns. Historically, even Roman troops more than 2000 years ago used
technical oids which had to be developed and te:*ed. Even then, some kind of defence research work had to be carried out
to keep equipment rodern.

Especially with engineering progress during the lost few centuries, the utilization of techrical means advanced more
and more and increased its share as well os its right of priority in planniry for efficient defence. NATO as the great block
of Western Nations uses surveillance and alertness as methods of modern defence.

And within NATO, the Advisory Group for Aerospace Research and Development or ‘A GARD" fulfills the tosks of
managing and coordinating many essentiol R&D projects. The founder and first cholrman of AGARL', Dr. von Karmon, once
said:

"Scientific results cannot be use efficiently by soldiers who have no
understanding of them, and scientiris cannot produce results useful
for warfare without an understanding of the operations".

i
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One of AGARD's major achievements has been the establishment of such mutual cooperation.

Twenty years ago, competent representatives of ' TO nations recommended the formation of AGARD. [t might perhaps
be advisable to quote here Dr, von Karman again, from his reply to Professor Henri Lougier, Assistant Secretary General for
Social Affairs in the 1947 newly created United Nations, who had asked Dr. von Karman for ideas on the contribution
scientists could make to maintaining ‘vorld peace :

"l urged os a first step toward permanent peace the establishment of key
international research centres, designed to attract learned men of all
countries who would come to exchange ideas. | envisioned a return of the
vagantes, or wandering scholars of the Middle Ages, who would, | felt,
act as ambassadors to lay the foundations of internationul good will, "

In this way, and by its publication of scientific results obtained by multinational cooperation, and by providing NATO
with the odvisory capacity necessary to fulfill the military tasks, AGARD contiibutes to maintaining and safeguarding world
peace.

AGARD’s Symposia, Specialists” Meetings and Lecture Series enjoy a high reputation among scie~.tists and military
users. Your meeting will be of direct concern to one of NATO's essential surveillonce tasks. | would like to cor-clude by
wishing you the utmost of success.
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MORPHOLOGY OF RADIO-RADAR POLAR PROPAGATION EFFECTS

T.R. Hartz
Communications Research Centre
P.0O. Box 490, Station 'A', Ottawa, KIN 8T5, Canada

ABSTRACT

Radio-wave propagation through the upper atmosphere at high latitudes is conditioned by effects
arising from the influx of energetic charged particles. Some of these effects are associated with the
auroral phenomena and have been studied for many years in that context, mainly from ground stations. More
recently such observations have been supplemented by rocket and satellite measurements, and also have been
extended to include particle-induced phenomena not directly linked to the aurora. This paper will review
a variety of observational data on the polar upper atmosphere, and particularly on the morphological
patterns deduced for the particle precipitation associated with auroral phenomena and with polar-cap
disturbances. The significance of different portions of such patterns will be discussed with reference to
particie energies, sources, and ionospheric changes during particular disturbed intervals. Statistical
data on the diurnal, scascnal, and spaiial variation of such associated propagation effects as absorption,
scintillation, dispersion, etc., will be examined, azlong with their correlation with magnetic activity,
spread F, sporadic E, visual aurora, and radioc noise observations. In addition, the storm-time variation
of some of these phenomena will be discussed from the point of view of their short-term effects on radio-
wave propagation.

1. INTRODUCTION

This paper will attempt to prcvide a general-background description of some of the high-latitude
phenomena that occur in the upper acmosphere. All too frequently one tends to think of such phenomena as
disturbances or anomalous features in what might otherwise be a regular, easily-describable situation, but
this attitude has been conditioned largely by low-latitude experiepce. The low- and middle-latitude
ionosphere can generally be described in terms of solar illumination and processes that depend principally
on the ultra-violet, optical, and infra-red radiations. At high latitudes the additional influences of
energetic charged particles have to be considered and the extrapolation from the better-known low-latitude
situation has introduced considerable confusion in terminology. The literature is full of abnormalities
and disturbances of various kinds, and all too frequently the disturbances are meaningful cnly in terms of
the particular observing equipment used so that their manifestation in another type of observation cannot
readily be predicted.

The essential point is that at high latitudes there is an additional energy source for upper-atmospheric
phenomena ir the form of energetic charged particles and that this is a normal rather than abnormal
situation. Accordingly, the polar propagation effects of concern here are those resulting from particle
precipitation, and the latitudes of interest are those where particle effects are observed. Historically,
the most obvious effects are the auroral phenomena, though for purposes of this symposium the interest is
wore in the ionization features and the direct influence of these on radio-wave propagation. From a
practical point of view there are two main particle populations to consider; these can be identified in
terms of their atmospheric effects as polar-cap-absorption (PCA) particles and auroral particles. The
basic distinction between the two classes hinges on the energy and number density of the particles. The
PCA events are associated primarily with incoming protons having energies of the order of 10 MeV, but whose
number density is sufficiently low that particle interactions are not significant above a height of about
1000 Km; as a consequence their motions in the gcomagnetic field can be fairly well approximated by
Stérmer's theory for individual particles in a dipole field. The avroral phenomena, on the other hand, are
associated with a substantially greater flux of lesser-energy electrons and protons and their behaviour in
the geomagnetic field is more complicated because of particle interaction effects. As a result these
particles precipitate in a characteristic pattern which is related to the geometry of the magnetosphere
and which, when described statisticilly, is known generally as the Auroral Zone.

The paper will describe the average precipitation pattern for the auroral particles; it will also
indicate very briefly the effects of PCA particle influx. It will review some of the gross observational
evidence on the auroral phenomena and on the associated fonization features in different regions of the
ionosphere. This general morphological picture is intended to serve as a background for some of the
subsequent discussions in the symposium. In addition some of the short-term effects observable in various
phenomena during magnetospheric storms and sub-storms will be discussed briefly in relation to the general
precipitation pattern.

2. AURORAL PAKTICLE PRECIPITATION

In considering the effects of the influx of auroral narticles into the upper atmosphere one can
outline a number of possible processes whose relative probability will depend somewhat on such factors as
energy, number flux, and the nature of the atmospheric constituents. These processes, alcag with their
respective manifestations, are summarized in Figure I-I. Ta general most of the effects can be attributed
to electrons, though the consequences of incoming protons ace rather similar but not always as marked.
These processes are expected in addition to those arising from sunlight or ultra-violet radiation;
consequently, all these effects, plus perhaps several others, are to be considered in the category of
auroral phenomena.

It is important to note that a one-to-one correspondence between the different observable phenomena
shown in Figure I-1 1is not necessarily anticipated, nor i{s it found in practice. The radio-wave propagation
effects are mainly associated with the ionization, the transport of fonization, and the associated small
scale features, structures, and gradients that arise in the ionosphere. The rrtatistical patterns for these
effects can differ in some details from the auroral statistical picture, which depends on atomic and
molecular excitation through several processes most of which are indirect. Additional complications may
arise from observability factors such as aspect angle or daylight. Nevertheless, to the extent that the
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1-2
statistics of each phenomenon are somehow indicative of the precipitating particle flux, one would expect
the precipitation pattern resulting from each process to show gross similarities. This has indeed been
demonstrated, and as such provides most of the basis for the morphological summary that follows.

It will be obvious that this method of arriving at a particle precipitation pattern or a gross
morphological picture is hazardous. It involves the averaging or generalizing of detailed observations;
in rocket or satellite data ambiguities of time and space need to be overcome, while in ground-based
observations interpolations and extrapolations are required to off-set any deficiencies in station locations.
Such procedures tend to smooth out the fine details in the data at the expense of the overall picture.
There is thus a constant danger that the real physical situation might be obscured and replaced by a
pattern forced by the processing used. One must also be cautious in treating the various observable
features identified in Figurel-l ag equivalent; certainly they are not, even though various workers have
been zealous in associating the adjective 'auroral' with many of them. Thus one finds auroral hiss,
auroral absorption, auroral sporadic E, radio aurora, auroral X-rays, etc., where the association with
aurora may be questionable. In the analysis undertaken here different data have been examined for general
chara:teristics; these generalizations are not intended primarily to provide a faithful description of one
or other of the phenomena in question, but rather to reveal a gross pattern or patterns for the particle
precipitation which can be taken as meaningful in t.ims of the ionospheric or magnetospheric processes,

At various times in the past statistics on the occurrence of aurora in the night sky have been
compiled. Until very recently these were based on visual or photographic observations from the ground and
suffered from problems of cloud cover, twilight or daylight, limitatfons in station locations, etc. In
spite of these difficulties a meaningful geographical distribution hasg resulted. Figure I-2 shows the
Northern Auroral Zone, or the region in which nighttime aurora is rcen overhead most frequently (1), (2).
Most people are familiar enough with the geographic location :’' the zone maximum, but they do not always
remember that this zone has some substantial width and that .t represents the statistical rather than an
instantaneous situation. In Figure |-2 the edges of the shaded region mark the half-maximum contours, while
the maximum or most intense shading represents the regions over which auroras are observed on more than
90% of the nights.

This distribution indicates where the nighttime visual phenomena are observed, but give no information
at other times of day. Because the centre of this annular ring corresponds with the north geomagnetic
pole, it is convenient to use a coordinate system involving latitude and longiftude, or local time, based
on the geomagnetic poles, and Figure 1.3 shows auroral statistical data for the northern hemisphere as a
function of geomagnetic latitude and geomagnetic local time (3). The pattern is that of an eccentric ring,
which has become known generally as the 'auroral oval' and which shows a fairly constant probability of
occurrence throughout the day, with slightly higher values in the night hours.

3. PRECIPITATION PATTERNS

Because of some uncertainties in the daytime data, and bearing in mind the distinction between aurora
and other observables that has already been noted in regard to Figure 1-l, a number of workers have under-
taken statistical studies of various observations to derive particle precipitation patterns. One such
study was that of Hartz and Brice, who examined mainly data from ground-based instrumentation (4). They
found a two-zoned pattern for the particle influx, one zone correspording more or less with the auroral
nval and the other consisting of an annular ring at a constant latitude of about 65° geomagnetic. Thelr
study was based on auroral absorption data, all-sky camera data, magnetometer data, micro-pulsations, mantle
aurora, various types of radio aurora, VLF radio noise and auroral hiss data, observations of spread F and
sporadic E ionosonde echoes, balloon X-ray data, and satellite observations of the 10 keV and 40 keV electron
flux. In almost every case they found indications of two general classes ot characteristics which could be
gorted into the two different diurnal patterns,

It should be noted that the Hartz-Brice pattern was an idealized diagram; it represented the latitude
and time regions in which a number of presumed auroral parameters were found tc occur most frequently and
in which they showed similar general characteristics., The analysis leading to that diagram set out to
identify common properties in the variocus data and in the process tended to force a set of observations
into une of only two categories. As a consequence, a lot of detailed features and fine structure were
smoothed out, the degree of overlap of the two regions was de-emphasized, and the particular obeervational
parameters were generalized. The two zones were portrayed as rather narrower than warranted by the data in
order to accentuate the distinction between the two; probably a more realistic representation would have
shown some overlapping at all hours of the day.

In spite of such short-comings that pattern has served a very useful purpnse in distinguishing two
quite dissimilar types of particle precipitation. Since it was produced there have been many additional
data from rocket-, satellite-, and aircraft-borne instrumentation, as well as from ground stations. It now
appears that some modifications to that diagram are called for, mainly in connection with the inner or
'gplash' zone, or auroral oval, as 1t 1s better known. This oval can be associated uvith the boundary
between the open and closed field lines In the magnetospheore and there are philosophical arguments which
lead one to expect that phenomena on the day and night sides should differ. 1In the one case the boundary
lies deep in the magnetospherlc tail in association with the plasma sheet, and in the other case it {s
linked to the neutral point or cusp on the surface of the magnetcephere and thus probably to the magneto-
sheath plasma. Observationally, there are substantial data that indicate that the auroral phenomena near
noon have quite different properties from those at night. Whereas the nighttime aurora i{s primarily substorm
related, of limited duration, localized, rather sporadic, and at a height near 105 Km, the daytime
phenowenon apparently occurs virtually 100% of the time st heights in excess of about 140 Km (5), (6), (7).
Recently Akasofu (8) and Romick (9) have reported midday auroras with intense red (6300 K) color, character-
istic of the greater heights and low-energy particle precipitation, and similar findings have been reported
by Eather (10), by Eather and Mende (11), and by Buchau et al (12%. These auroras tend to be of the glow
type with some arcs and ray structure that exhibit a green (5577 A) lower border, but with a relatively
high red-to-green intensity ratio. They occur in the higher-latitude portion of the oval, above about 75°
geomagnetic, whereas the lower-latitude side of the oval seems to show auroras with more structure that
appear typical of a more-energetic particle influx.
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Various other data have been obtained on the day side of the oval that indicate different properties

from those at night. The direct particle observations of Burch (13), Hoffman and Berko (14), Johnson and
Sharp (15), Heikkila and Winningham (16), Fronk (17), and Frank and Ackerson (18) show intense fluxes of
soft electrons near noon, with energies characteristically less than 1 keV, and with indications of a

gomewhat harder flux at slightly lower latitudes.

The VLF and LF emission observations of Gurnett (19),

Hughes and Kaiser (20), Laaspere et al (21), Dunkel and Helliwell (22), Hartz (23), Ba rington et al (24),
and Gurnett and Frank (25), insofar as they can be taken to portray the electron influx, show very intense
The magnetometer data also show very significant day-to-night
differences in the oval, as described by Mishin, et al (26), and somewhat similar conclusions have been
expressed in regard to a number of other parameters (cf. Nishid: (27), Andrews and Thomas (28), and Lebeau
(29)). As a consequence several revisions of or alternatives to the Hartz-Brice precipitation pattern have
been advanced, of which the one described by Hartz (23) will be ocutlined here.

levels in the day and afternoon sectors.

Consideration of the various observaticnal data mentioned above has led to the revised precipitation
pattern st ...m in Figure 14, Here the phenomena on the day side of the oval have been distinguished from
those at n: 't on the basis of general characteristics rather than simply on an energy basis. The
distinctive widday influx is represented by the stars, while the rest of the diagram essentially corresponds
to the earlier version., Again this is to be taken as an idealized diagram depicting the average situation;
the observations of particular phenomena suggest rather more overlapping of the three principal zones with
a more gradual transition from one to the other than is shown here.
Burch (13}, and Hoffman and Berko (14) and by Eather and Mende (11) would suggest that a hard (1, keV)
electron precipitation in the noon sector occurs in the lucitude reglon 70 - 75°, which may not have been
adequately represented by the symbols shown in that time sector in Figure 1-4. Those authors have
described the hard zone as being generally featureless, which would imply that it should probably be

identified with the drizzle zone.

For instance the results presented by

If so, the drizzle precipitation, in this time sector at least, has a

significant lower-energy component that appears at higher latitudes than depicted in the figure, whicth

-would then overlap with the edges of the splash zone and also with the soft zone. Similarly, the nighttime

splash zore has been depicted on the hasis of the more energetic flux and probably does not adequately
represent the low-energy precipitation events which tend to lie at slightly higher latitudes (cf. Eather and
Mende (11)) and which are likely the low-energy tail of the splash events. However, Figure i-4 1is intended
to emphasize the different characteristics for the precipitation, not merely energy differences, and each

population includes a spectrum of energies.

Accordingly, some latitude spreading and overlapping of the

regions should be read into the diagram, particularly since it represents an average over all degrees of

disturbance.

4. PRECIPITATION CHARACTERISTICS

In each of the three principal regions identified in Figure 14 one finds, in general, a rather

distinctive type of precipitation.

The distinguishing characteristics are summarized in Table 1. Insofar

as possible, these are generalized characteristics and are not limited to only one observable parameter.
Two of the categories have already been described by Hartz and Brice (4), while some aspects of the third
qust still be considered as rather tentative at this stage and are designated as such with parentheses.
Obviously, these characteristics of the precipitation must be taken in a relative rather than an absolute

sense.

Generally speaking the foregoing pattern depicts the electron precipitation; the proton precipitation
18 not as well defined, though the existing data would indicate a general similarity except that in the
afternoon and evening portion of the oval they appear at slightly lower latitudes (see Figures 1.5 and 10),

Table 1 Precipitation Zone Characteristics

Noon Peak

*

Night Peak
A

Morning Peak
o

Continuous or quasi
continuous

Widespread, some fine
structure

Stable, fine structure
changes

(Not subsctorm associated)

Flux not Kp dependent

Lat{tude shift with Kp

(No time shift with Kp)

Peaked spectrum,
principal flux » few

tenths keV

Main ifonization in
F region

(Maximum in summer)

Sporadic, abrupt onset
Localized

Rapidly changing,
impulsive

Substorm arsociated

Flux Kp dependent

Latitude shift with Kp

No time shift with Kp

Steep spectrum,
principal flux few

keV

Main {onization in
E region

Max{mum at equinoxes

Long duration, gradual
onset

Widespread, little
structure

Quasi stable, slew changes
plur quasi-periodic
modulation

Substorm assoclated

Flux Kp dependent

No latitude shift with Kp

Time shift with Kp

Fairly flat spectrum,
principal flux ~ few

tens keV

Main {onization in
D region

(Minimum {n summer)
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It would be overstating the case to claim that all portions of Figure !-4 are equally well determinad.
The sections of the auroral oval between about 6 and 9 hours and berween about 15 and 18 hours are still
rather uncertain. Some data show gaps here, others seem to shuw some confusion of phenomena which probably
depends on the degree of disturbance., Eather and Mende (11) shuw these portions with question marks, as
indicated here in Figure 1-5 for electrons and Figure i-6 for protons. Lassen (30) and Mishin et al (26)
have suggested that the oval is not continuous through these time intervals. They suggest that the auroral
data are better represented by two horsze-shoe-shaped zones that do not overlap -- a high-latitude 2zone for
the dayside and a lower-latitude one at night. The more recent data from aircraft flights and the preliminary
auroral survey data f:om the ISIS-IT satellite (31) would seem to support the oval configuration, but
possibly with some d.scontinuities. In any case more observations should resolve this problem, as well as
clarify the dependerce of the aurora and F-regiun phenomena oa the low-energy tail of the drizzle precipita-
tion on the dayside.

5. PRECIPITATION AND IONIZATION EFFECTS

In the light of the foregoing gross statistical pattern with the indicated characteristics for the
precipitetion, one may ask the questinn, what significance dnes this have as far as radio propagation is
concerned? Some of the answers may be found by looking at the interrelation between various phenomena in
the different portions of Figure 14, by trying to relate these to magnetospheric processes, by looking at
the sequence of events for particular intervals such as sub-storms and storms, and by looking at some of
the distributional details in certain of the ionization data.

In Figure 14 the Inner zone follows the auroral oval of Feldstein, and while his data did not show
these same diurnal maxima, it 1s well known that the mcst active auroral features appear near midnipht.
This particular region occurs at the feet of the field lines that are located at or very near the boundary
between the 'open' and 'closed' field lines in the magnetospheric tail and is associated with the plasma
sheet and with the substorm processes that criginate there. It is also apparent that the outer zone in the
figure is not represented in the conventlonal or all-sky camera auroral statistics, though there is good
reason to believe that the mantle aurora identified by Sandford (32) is meaningful here. This 'drizzle'
precipitation is at about a constant geomagnetic latitude and undoubtedly {8 of more energetic (5 4C keV)
electrons that car lead to D-region phenomena such as auroral absorption. The diurnal maximum falls in the
forenoon hours at a latitude that is associated with magnetic field lines which lie deep in the trapped
particle zones. Accordingly, it seems clear that this morning peak must coustitute the principal sink for
the outer Van Allen radiation belt.

The noon maximum can be associated directly with magnetosheath particles that have entered the
magnetosphere through the polar cusp rzgion or neutral field point. The particle energies corraspond with
those of the magnetosheath and the influx appears to be more or less continuous. In Figure 1.7 are sh>wm
data from the soft particle spectrometer on ISIS-I obtained on a trans-polar pass going from the dayside
tc the nightside of the magnetosphere. The electron energy #nd number flux are displayed as a function of
latitude, and in the lower frame are shown the radio noise data obtainel at the same time at a frequency of
200 kHz (23). The intense electron flux at an energv of about 200 eV and the corresponding high noise
levels can be seen in the region of the poler cusp. 1In the pola:r cap the influx is quite low, with the
occasional sporadic burst. On the night side the f.ux is more iniense and again sporadic, with a trend
toward higher energies. This difagram exemplifies some of the gereral characteristics already described for
the high-latitude precipitation.

Figure 1 X shows data from another trans-polar pass of the ISIS-I satellite, obtained under high K
conditions. Again the electron flux and the noise emissions are shown; also shown 1is the electron density
near the satellite, normalized to remove the variation with satelllite height, and a measure of the electron-
density fine structure or 'spread'. Note that the maximum electron density and maximum fine structure do
not correspond with the particle influx but seem to be shifted several degrees toward higher latitude. It
appears that the electron influx penetrates to the ionospheric F region where ionization is produced, and
then {s redistributed. The {onization transport is mainly upward along the field 1lines, though some
movement to higher latitudes may also take place as suggested in Figure 1. At the satellite height (in
this case *1500 km) this upward flux of thermal innization appears very structured.

Unfortunately, deta’led studies of this nature have not yet been carried out at all times of the day
and for all disturbance conditions. The preliminary observations of Gurnett and Frank (25) in the evening
hours would seem to indicate that the upward flow of jonospheric elactrons is on the low-latitude side of
the energetic electron influx {n that time sector. Further studies are obviously required, and much more
study 18 required of the assocfated transport and fonization-redistribucion pvocesses {n the F region.
These requirements are not easily met; the top-side ionosonde data are difficult to interpret in terms of
fonization transport since they give electron density profiles or the gross distribution of ionization

during the satellite transit, ss exemplified by Figure 110 for the afternoon hours (33). Statistica!?
treatinents of such results tend to show several outstanding features; the polar peak near midday and the
mid-latitude trough at night, as iliustrated in Figure |11 (27). Such gross features, to the extent that

they represent abnormal fonization levels and gradients, will affect radio wave propagation in those regions;
the former apparently i{s associated with the midday precipitation, while the latter represents depletion of
fonization, presumably by transport into the maunetosphere.

On a smaller scale, electron density irregularities or 'spread' have been studied by various people.
Petrie's work on the top-side {onosphere for low K conditions showed that the maximum occurrence region at
a height «f 1000 Km corresponded faisly well with Bhe auroral oval, as {llustrated in Figure 1.1} (34).

His findings have been extended by other workers (35), (3¢), (37), and the results would indicate that the
high-latitude ionosphere, i{.e., above about 55° geomagnetic, is very {rregular a high percentage of the time,
and shows scale sizes that range from ~1 Km to »100 Km. The irregularities appear to be field aligned and
can be described in terms of sheets or cylindrical ducts that are quite elongated, often extending from

the F region up to satellite heights of several .housand kilometers. DNuring the daytime the {rregularities
generally occur more frequently above the F-region peak than below ft. At 1000 Km tho distribution of the
most {ntense spread 18 more restricted in latitude than near the F-region peak and appears to agree fairly
well with the electron precipitation region, though some preliminary results would suggest a displacement of
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several degrees, toward higher latitude in the day sector, and toward lower latitudes in the evening.
Unfortunately the detailed studies of ionization transport associated with such irregularities are still
very inadequate at all heights in the ionosphere. The scintillation results are, of course, relevant in
this context, though there are problems in sorting out effects occurring ovrr an extended height range in
those data. The polar wind studies of Banks and Holzer (38), and others, are also very pertinent, as are
the observations of Timleck and Nelms (39) of very low electron densities at times in the polar topside
ionosphere.

As far as F-region effects are concerned the statistical data are less satisfactory. The sporadic-E
phenomena in ionosonde data are not sufficiently homogeneous or extensive to provide a good synoptic pattern,
though the average diurnal distribution at auroral latitudes has been determined for some types as shown
in Pigure 1-13. Here the auroral sporadic E is shown in the upper frame, and in the lower frame, the low-
altitude, diffuse sporadic E (40). The latter data are probably more dependent on the drizzle particle
influx, with perhans some influence from direct solar radiation, while the former apparently depend on the
splash particle precipitation. Somewhat similar results have been obtaiied in the case of VHF radio aurora;
here in Figure 1-14 are shown the distribution of type A, data obtained by Vogan (41) as representative of
the ionization irregularities in the E region associated“with the sporadic particle influx or splashes. The
more diffuse A, type of radio aurora have an occurrence pattern that seems to follow the drizzle precipitation,
as shown in Figure 1-15.

A serious impediment to the compilation of extensive statistics on E- and F-region ionization effects
on radio propagation has been the lack of suitable criteria for intercomparing data teken at different
locations under conditions of different observability factors, such as aspect angle, observing frequency,
and equipment sensitivity. The height distribution for the irregularities has not been too well established
as a consequence. The auroral sporadi: E and many of the radio auroral results have been associated with
ionization irregularities at a height of about 110 km, though in the latter data this may not represent a
reliable observation in every case. There seems little doubt, however, that the splash precipitation produces
irregularities principally in the E region, i.e., between 90 and 150 Km. The ionization irregularities
observed below this height tend to be more continuous in character and can be used for fonospheric scatter
communications in consequence (42). They apparently are ase-_lated with turbulence in the D and lower
E regions and with the more energetic particle influx at che high latitudes.

Radio wave absorption effects occur mainly in the D-region, and are principally associated with the
drizzle zone, as shown in Figure I-16 (43). However, the very intense nighttime splashes also show increased
absorption ef ects;, these tend to be much more short-lived, though the peak absorption in such events may
exceed that in the forenoon hours. The other main absorption type is the polar-cap absorption (PCA) which’
follows certain large solar flares (44). The particles responsible are mainly protons with energies of the
order of about 10 MeV; these precipitate more or less uniformly over the polar cap and penetrate down to
the D region, producing only very minor effects at greater height. The resulting ionization is dependent
on ion-chemical processes so that the free elettron population, and hence the observed absorption, is
controlled by direct solar illumination that can dissociate negative ions. Accordingly the sunlit D region
produces much more absorption during a PCA event than does the nighttime D region. The typical PCA event
has a duration of several days, during which the absorption rises rapidly to a maximum then slowly decays,
with a diurnal or sunlight mcdulation superimposed. The lower-latitude 1limit for PCA is approximately
that of the auroral zone, but this limit may move equatorward when a strong geomagnetic storm st-rts during
the course of a PCA.

Ionization irregularities are not a very prominent feature of the D region, though short-term structure
is observed on the energetic particle influx, and in the associated X-ray data. The A, radio aurora
apparently indicates D-region structures, and some irregularities observed with lonosogdea and designated
as sporadic E may also extend into the D region, but for most propagation applications absorption is the
main effect introduced by the ionization in this height region.

Regarding the interrelation betwern events in the different zones shown in Figure 14, the sequentiai
pattern is by no means completely determined. It appears that the noon precipitation is a fairly constant
phenomenon with some modulation in number flux or energy flux, depending on solar-wind conditions.

Apparently the magnetosphere is fed by magnetcsheath materfal through the polar cusp region a high percentage
of the time, so that this would seem to be the source of much of the F-region fonization and the fonization
irregularities at this time of day.

The nighttime splash precipitation is a direct result of substorm generation in the magnetospheric
tail and in the so-called plasma sheet ir the tafl. The particles precipitate directly into the nighttime
ionosphere producing the various sporadic or short-lived effects. At the same time it appears that some
portion of the precipitation goes into the trapped radiation belts and the drizzle zone shows a build up
and decay of activity on a time scale rather longer than that of the substorm; these effects apparently
occur at all longitudes to some extent but are most prominent in the late morning sector. Figure I-17 shows
the averagc absorption in the morning drizzle zone relative to the substorm commencement time, and also a
control curve showing the average morning absorption in the absence of substorms (45). These res.!ts show
that the events in the drizzle zorie are sequentially related to the substorms and the splash eve1: -,

6. CONCLUDING REMARKS

This paper has outlined the general precipitation pattern for auroral particles at high lat{tudeas.
The earlier pattern identified by Hartz and Brice has been revised somewhat using mcre extensive and more
recent observations on a variety of aurorally-related phenomena. These additional data indicate that the
midday portion of the auroral oval has properties distinctly different from the night portion, sc that a
three-zoned pattern would seem required to describe the auroral particles. The splash zone is mainly
associated with the nighttime hours; it involves short term processes that are generally described as
substorms, is located in or near the boundary between the open and closed field linas in the magnetospheric
tail, and presumably is fed from the so-called plasma sheet and/or the immediately adjacent tail regions.
The drizzle zone is mainly a morning or forenoon feature, though it may extend to other hours of the day; it
appears to involve a later stage in the substorm, is associated with the trapped zone of particles in the



T

e

AT Y R S R

G as o Mol i dibt i s L e Mk

1-6

magnetosphere, and apparently constitutes the sink for such particles. The third zone is a daytime feature;
it appears to be continuous or quasi-continuous in time rather than substorm related, and apparently
represents the direct entry of soler wind (i.e. magnetosheath) plasma through the maguetospheric cusp regions.

It must be emphasized that the process of identifving these distinctive ref 18 has smoothed out a
lot of detail that was inherent in the original data. 1iie emphasis has been placed on the dominant or most
outstanding characteristics in each instance, so that the regions where the different zones overlap, or
where two different phenomena occur simultaneously, are not represented too reliably and the final pattern
is therefore somewhat idealized. Nevertheless, it should serve as a useful guide in sorting out the various
effects of the high-latitude particle influx.

As already indicated, the three diff..ent zones have been identified with different probable source
regions in the magnetosphere, though there is not yet agreement as to all the magnetospheric features. They
also tend to be identified with ionization effects in three different height regions in the icnosphere, the
D, E, and F regions, though the demarcation 1s not always clear cut.

The response of the F region to the soft particle influx i3 rather involved. There is a general
increase in the ionization density, so that in a statistical sense this is a sigaificant source of ionization
for the high-latitude ionosphere. However, the increased ionization is accompanied by ionfzation
redistribution, which depends on additional factors such as electron temperature, eloctric fields, and
magnetospheric convection. As a consequence, the F region and most of the top-side ionosphere, extending to
great heights, is characterized by ionization irregularities that are aligned with the geomagnetic field.
Statistically the zone of maximum irregularity in the topside ionosphere seems to coincide with, or to be
only slightly separated from the zone of particle influx.

The E-region effects seem to follow the substorm-induced nighttime splashes fairly well, though the
continuity to the day side is not firmly established. This height region can support significant electric
currents, or auroral electrojets, leading to distinctive magnetic effects. However, ionization
redistribution is not a major factor, as it is in the F region, rather the {onization irregularities
appear to be related to the scale of the particle splashes and to such in-situ processes as turbulence, plasma
instabilities, and winds.

The D-region effects are associated with the most energetic components of the auroral particle influx;
at night this 1s in short-lived sporadic events while in the late morning this is a much longer-lived influx
or drizzle. This height region is also rthe only one that appears to be appreciably affected by PCA particles,
though for that phenomenon the whole of the polar cap seems to show absorption effects that depend
quantitatively on solar illumination and on ion~chemical processes. lon chemistry probably also plays
gome role in auroral absorption, but the effects are much less obvious. Ionization iv.=2gularities also
seer. to be less important at these heights.

The radio propagation effects that are most relevant in the F reglon are refraction and scattering, in
the E region, scattering and in the D region, absorptiun.

Finally, it is instructive to relate the foregolng to geographic coordinu.2s. The general precipitation
pattern for auroral particles illustrated in Figure |4 1is to be thought of as fixed In space with the
earth rotating beneath it. An observer in the polar regions will then see different effects according to
his location and local time. Figure 1-18 shows this situation for the northern hemisphere for one time of
day, namely for midnight over central Europe. The geographic regions where the various precipitation effects
are expected have been indicated; the situation for any other time of day can be obtained by a relative
rotation of the overlay on the map. It must be re-emphasized that this is an average picture, representative
of all degrees of disturbance, and that the pattern for any particular time may depart significantly from {t.
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Fig.1-1 Schematic representation of upper-atmospheric processes resulting from the influx of energetic
charged particles.,
-L../\'ffv
12 The locatfon of the Auroral Zone in the northern hemisphere. The zone maximum, marked by the
most intense shading, corresponds to regione where auroras are observed on more than 90% of the
nights, the edges of the shaded region mark the half-maximum contour. (After Feldstein (1))
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Fig.1-3 The percentage occurrence of zenithal aurora in all-sky-camera records, plotted as a function

of geomagnetic latitude and geomagnetic local time. (After Feldstein (3))

g 14 An i{dealized representation of the three-zoned auroral-particle precipitation pattern, plotted
as a function of geomagnetic latitude and geomagnetic local time. The average flux {s
indicated very cpproximately by the density of symbols. The splash type of precipitation is
represented by the triangles, the drizzle type by the dots, and the quasi-continuous inflow at
midday by the stars. F
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g 18 Intercomparison of data from the 1S1S-1 satellite taken on Februarv 3, 1969; elactron data

from the Soft Particle Spectrometer (courtesy of W.J. Helkkila and J.D. Winningham), radio
noise Intensitv at 200 kHz, the relative electron density at the satellite normalized to
remove varfations due to changes {n hefght, and a measure of the {rregularity of the local
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Fig.1-11 Distribution, in geomagnetic latitude and geomagnetic local time, of the average electron

density in autumn for geomagnetically quiet intervals at a height of 950 Km. (After
Nishida (27))
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Fig.1-12 Distribi.i.n, in geomagnetic latitude and local time, of the maximum frequency range for the

srread echoes observed with Alouette 1 at 1000 Km hefght, for Kp S (After Petrie (14))
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The diurnal variation in the percentage occurrence of

(a) auroral sporadic-E echoes extending beyond 7 MHz on ionosonde records, averaged for the
Pt. Barrow, Churchill and Ft. Chimo stations. (Courtesy of E.L. Hagg and D. Muldrew)

(b) low-altitude, diffuse sporadic E at Narssarssuak. (From Oleson and Wright (40))

Percentage occurrence of A, radio aurora, plotted as a function of geomagnetic latitude and
geomagnetic local time at the mid point of the propagation circuit. (Courtesy of E.L. Vogan)
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Fig.1-15 Percentage occurrence of A, radio

aurora, plotted as a function of geomagnetic latitude and
geomagnetic local time at ghe mid

point of the propagation path. (Courtesy of E.L,. Vogan)

g 116 Percentage of the time that auroral absorption of 1.0 db or more occuired at 30 MHz, plotted
as a function of geomagnetic lat{tude and geomagnetic local time.

3
(After Hartz et al (43)) |
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Comparison of average riometer absorption in the forenoon hours (at Kiruna) (a) associated
with substorms identified in the night hours (at Churchill), and (b) for control times that

were taken to be the same zero time on the day preceding each of the substorms included in (a).
(after Jelly and Brice (45))

Relative location of particle precipitation pattern in geographic coordinates for one tine of
day, namely local midnight for Central Europe.

172 ! /2 2

IPOMPRPSpRE .




ON MODELLING THE ARCTIC IONOSPHERE

G,J, Gassmann
USAF Cambridge Research Laboratories
Bedford, Mass., 01730, USA

SUMMARY

The discovery of the auroral oval and the subsequently developed concepts of particle precipitetion
have provided new ordering schemes for arctic ionospheric data, The re-ordering of tabulated past data,
mostly from the [GY, has already brought to light a number of arctic features which in former statistical
treatments were barely apparent or completely smeared out, Those features are: the absorption zone, the
belts of Eg, the F-layer polar ring and the main trough. The dependences of these features on the para-
meters UT, Season, Sunspot number and Kp are now to a varying degree established,

Besides these more or less statistical aata recent airborne and satellite measurements have provided
a number of cross-sections from which parts of the arctic ionosphere can be described in individual quasi-
instantaneous pictures., Those three-dimensional electron density profiles show the true shapes oi those
features mentioned and others, in particular the frequent occurrence of steep tilts against the horizontal,
Comparison of equivalent data from different times shows lavge variations which explain why data averaging
may completelydmcur many ionospheric features which are important to HF and VHF propagation. This fact
also demonstrates that average propagation conditions cannot be derived from average ionospheric conditions,
One important new parameter which appears to control many features is the substorm-time and some pertinent
correlations have already been established,

It appears that the prediction of the arctic ionosphere in the manner and with the accuracy as it is
being accomplished for moderate latitudes is not yet possible. However, from the already established
general patterns it seems feasible to provide an hourly updated and fairly accurate description by real-
time processing of data from a few observing stations, A number of suitable observing techniques have
emerged,

1. INTRODUCTION

The special nature of the arctic ionosphere had been suspected since the early days of radio when
transmissions across the North Pole were accomplished even during the arctic winter., Within the last 22
years vertical soundings from ice-islands and airborne soundings have shown that even during long lasting
absence of solar illumination an ionospheric F-layer exists, often accompanied by an E- and a D-layer., One
feature was always recognized, the very high variability of the arctic ionosphere, its seemingly complex
nature and its sporadic behavior defying prediction. Systematic invest‘gations although conducted at times
intensely by various groups, were always hampered by the scarcity of observing stations, The efforts to
establish the morphology of the arctic {onosphere, to understand it or to predict it were in general un-
successful, Even with the advent of satellites this situation started to improve only very slowly, 1In
retrospect, this was due to the satellites main handicap, namely its orbit's confinement to particular
local times. The roal breakthrough came from systematic ground observations of the visible aurora during
the IGY and the subsequent development of the concept of the "auroral oval" by Russian scientists. This
concept inspired a whole series of re-examinations of old data and of new observations, Suddenly a new
ordering scheme for arctic data was available and has since proven its high usefulness in interpreting
both satellite and ground based observations, New aircraft flights carrying ionospheric sounding and
optical equipment and operating in the arctic under the guiding concept of the auroral oval produced a
number of new insights of fundamental importance, The time has now arrived that one can start to arrange
all known information on the arctic ionosphere, although still fragmentary, into a cohesive and consistent
picture, This can serve as a realistic model for assessing HF and radar propagation conditions in the
Arctic. At the same time such a model could serve as a workiig concept for further research,

2. THE CONCEPTS USED IN DATA ANALYSIS

The most useful concept for ordering arctic observations has been that of the "Auroral Oval'
(Feldstein and Starkov, 1967), Although its present definition might be modified and improved during
the coming years this concept has brought a h degree of order into past optical and ionospheric data
and has inspired systematic new observations. Gone is now the "auroral zone' and gone are now the
"spirals” along which the aurora, sporadic E and other phenomena supposedly occurred. Instead, those 4
phenomena can now be described as fixed patterns in a map-like display using the horizontal coordinates 3
CGL/CGT (Corrected geomagnetic latitude/corrected geomagnetic time) after Hultquist (1958) and Hakura (19465), y
The coordinate systems orientation is fixed with the sun, while the earth rotates relatively to it. At
present this coordinate system, in which the original Feldstein oval concept is defined, appears satis-
factory and sufficiently precise. There exists improvements and adjustments on the corrected geomagnetic
coovdinate system by Gustafsson (1970); and there is also the "invariant latitude". Those above differ
from the original CCL/CGT system by not more than onc degree in some locations and therefore may also be
used for describing arctic phenomera, in view of the limited accuracy presently achievable. The problem
which geomagnetic coordinate {s most appropriate for describing arctic atmospheric phenomena will arise
when the observations become more sophisticated with respect to absolute location., A:Z present, we continue
to use the original CGL/CGT coordinate system as tabulated by Hakura (1965), especially since the various
auroral ovals in dependence of the parameter Q have been defined in this coordinate system. Details of
these facts have been reviewed in connection with the auroral oval plotter and nomograph by Whalen (1970 a),

The shape of the auroral oval is related to the geomagnetic activity and has been defined by Feldstein
and Starkov (1967) as a function of the parameter Q. Thelir definition of Q although following that of
Bartels is specially tailored, The value uf Q for a particular (15 minute) time interval had been derived
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from those magnetograms taken at locations which happened to be situated (at a particular UT) in the night
sector of the auroral oval, that is near magnetic midnight +3 hours and at corrected geomagnetic latitudes
from 63° to 72°. Since the value of Q, so defined, is not readily available we have tentatively sub-
stituted the value of Kp and found this a useful procedure to relate experimental data to one of Feldstein's
ovals. It s likely that eventually the parameters Q or Kp for the purpose of defining arctic atmospheric
phenomena will be abandoned in favor of paramcters such as the solar wind vector and the tilt angle of the

earth's magnetic axis,

One other important phenomenon for ordering arctic observations is now the "substorm" and this requives
the introduction of "substorm time". This implies a determination of the time zero when a substorm starts
and involves the subsequent accounting of time in minutes for a period of about two hours, Although a
wealth of information as to the visual phenomena and their correlation to processes in the magnetosphere
is known (Akasofu, 1968), the morprology of ionospheric features during substorms has only recently begun

to emerge.

A certain amount of data ordering has been and will be achieved from the assumption that some arctic
and antarctic effects are magnetically conjugate. However, care is reauired in the meaning of conjugacy.
Although cases of simultaneous conjugacy ot auroral arcs have been confirmed, most other conjugacies do
not occur simultaneously; that means the phenomena are symmetrical in magnetic coordinates but unsymmetrical
in time. It is for example known (and indeed not surprising) that in the Arctic and Antarctic similar
patterns occur at UT - hours ! day apart and in months ! year apart (Pike, 1971 a),

4 3. THE PLAN FOR AN ARCTIC IONOSPHERE MODEL

a. The meaning of the word model in this context is to serve the purposes of operational long range !
| radio and radar circuits. The model in this definition does not include minute details of high spatial 1
: resolution, which are beyond potential predirtability,

The model should be a dynamic model in that it should specify all variations in time and space which
hepefully may be identifyable and potentially predictable, These aims for a dynamic model and the 4
particular conditions in the Arctic lead to the term "quasi-instantaneous model" as a building block. 1In a
view of the great variability of the arctic ionosphere it is clear from the beginning that any averaging
which smoothes out large-scale irregularities (associated with largce tilts against the horizontal) uust be
avoided. This is so even for the case that only average propagation conditi ms shall be derived from the
model, say for example for the design of a communication or HF radar system. This follows from the nature
of ionospheric radio propagation in which the statistics of the propagation conditions have a complex and 4
very non-linear relation to the statistics of the ionosphere, Consequently, an averaged ionosphere does g
not allow to compute the average propagation conditions. For this and all other cases, where an assessment
or a computation of the propagation conditions is required an instantaneous picture of the arctic ionosphere
is desirable,

Modelling of the arctic ionosphere must therefore strive to provide snapshots as close to reality as
to avoid a damaging smear effect, In practice, this requirement for a "quasi~-instantaneous model” implies
that its variations and statistics must be built-in, Such model can describe one instant +10 minutes
(shorter periods might have to be considered) and should contain rhe essentials for long-range propagatioen,
Its spatial resolution in the horizontal plane aims for an absolute acruracy of +100 km in CGL/CGT coordi-
nates. Higher relative accuracy to a particular reference point (see anchor points below) can be achieved
1f desired. Thus the modelling of the arctic ionosphere will consist of a varicty of individual "quasi- i
instantaneous models" specified below, The said variety will contain the statistical behavior. 3

e

b. Characteristics to be specified:

(1) Plasma frequency in Miz,

(2) Absorption in dBJﬂuz,

(3) Sporadic E in fEg (Miz),

(4) Small scale irregularities, non-deterministic, causing scatter, units to be decided on.

Most of the above will be specified in two separate parts, Onc part which originates trom the presence
of solar radiation, if any, will be specified in geographical coordinates versus UT (see d. (1) below). The
other part originating from the specific processes in the Arctic will be speciti~d in CGL/CGT coordinates.
Transformation from one coordinate system to the other and vice versa is being preparcd as a computer program, ?
The two parts above are defined in such a way that their combined effect car be computed in a simple manner, ;
In case of the E-layer (in which the recombination rate goes linear with the square of the electron densities)
the resulting total equilibrium electron density will be the square root of the sum of the two electron
densities squared. 1In case of the F-layer above 250 km where the recombination rate goes lincar with the
electron density the two electron densities will be simply added,

c. Coordinates (and desirable incremental ranges):
(1) CCL (Corrected geomagnetic iatitude) trom 60° to 90 continuous
(2) Height from 0 to 1000 km continuous
(3) CGT (Corrected geomagnetic time) from 00 to 24 in 2 hour increments
Number of Increments: 12

d, Controlling parameters (and desirable incremental ranges):

(1) UT for specifying so ar controlled part:

from 00 to 24 in 1 hour increments (24)
(2) UT for specifying arctic part:
(00-12) and (12-24), Number of Tncrements: 2

) " i b i
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Kp:

0-2%) (3--4%) (5--7%) (8--sh), Number of Increments: 2
(4) Sunspot Number:

(0-80) (80-150) (150-200), Number of Increments: 3
(5) Season:

(Nov Dec Jan Feb) (Mar Apr Sep Oct) (May Jun Jul Aug) Number of Increments: 3
(6) Substorm Time:

(0-20) (20-40) (40-60) (60-80) Minutes Nuimber of Increments: 4
(7) others, effect not yet identified (siderial time, solar wind

speed, interplanetary magnetic field vector, etc.) Number of Increments: ?

e, Model Diversification:

Omitting the last item d, (7) above the number of desirable two-dimensional vertical profiles
(presenting one or more characteristics (see l.) versus CGL and height) will be 3,460 or larger, assuming
that the variation due to parameter d. (1) will be defined separately as a routine modification (24 fold)
to the 3,460 profiles., With this 24 fold modification the end product of this model will consist of 82,800
individual meridional cross-sections across the magnetic pole.

In contrast to this desirable variety, the material presently evaluated for the model {s less diver-
sified, In the presently existing fragments of the model a number of parameter ranges are lumped together,

f. Error Marks:

(1) Uncertainty (limits of confidence) of ecach part of the model due to insufficient statistics,
bias, etc. should be expressed by + marks, MHz values for example by +%, magnetic latitude values by +
degrees. Although at present wide limits of confidence must be attached to some model features it it
important to state that the actudl deviations show a high spatial correlation along constant CGL for all
CGTs. This becomes important for real-time specification using anchor points (see below).

(2) Fluctuations, usually occurring within 20 minutes about the model due to unidentifiable and
rdndom causes should be expressed as RMS value. Those fluctuations occur in cells of all sizes, most
notorious are those of mediun scale having linear dimensions of up to 1000 km,

1f numerical error marks for either (1) or (2) or both cannot be given, an estimate of the accuracy and
the statistical significance of each statement defining part of the ‘model should be added as verbal addendum.

(3) Anchor points, The possibility to reduce the uncertaiuty under (1) by defining one or more
anchor points within the synoptic maps at which tne uncertainty would be zero will be considered. This
could be achieved by real-time measurements from monitor stations. In this case the uncertainty at points
removed from the anchor points will be greatly reduced, The feasibility of monitoring certain features of
the arctic ionosphere has been demonstrated in a variety of cases,

4. METHO' OLOGY

Jhe basic sitwation in producing an arctic lonosphere model [s that the i{nformation avallaocle i{s of a
large variety; each item being fragmentary in ftself §s however interrelated to others. Besides jonospheric
vertlcal soundings there are obligue and backscatter soundings, topside soundings, riometer amd scintilla-
tion records, optical emission recordings In the visible and IH range, spectrum-, [lux- and pltch angle -
measurements of precipitating or trapped particles, rocket observatlons, magnetometey recordings on ground
and {n rockets and satellites, ote,

In this situation a word on statistical data evaluatiun is in order, The essential characteristic of
the model we aim for is to use terms of description which are as deterministic as possible. 1If a statis-
tical description of some parameter dependencies must be substituted because of lack of better information
then it will be most useful i{f the quasi-instantaneous cross-sections (acc, to 2, e, totaling 3460) be
grouped into a number of types, This ;rocedure allows a description of the statistical distribution of
those types and prevents a smear out of the physical features, The data evaluation must therefore proceed
by identifying the correlations of the various dependencies and by trying to arrive at information from 4
which quasi-instantaneous pictures or models can be dassembled. Without establishing the various cross- 1
correlations the statistics of .ingle characteristic values, such as for2 at one location, are not useful,
The completed model, of course, will show certain statistics of its own; but those will be statistics of A
more complex features such as the location and steepness or the "plasma ring" (see under 5.), Accordingly, i
any trend analysis of data from a single station or satellite is often meaningless in the Arctic; instead, 4
trend analysis must be applicd to features of higher complexity and must therefore be preceeded by a data 1
analysis designed to derive the behavior of the said feature,

The necessity to assemble single quasi-instantaneous models (being the building blocks of the whole
model) from fragments of information makes it mandatory to utilize inference as much as possible, even up
to the point of speculation. Information on electron density, the basic characteristic of the model, can
indeed be inferred from satellite data, optical data and from otlier types of data with a varying level of
confidence. Almost none of the inferences is completely sefe since part of the necessary information is
usually missing., For example, for precipitation flux data either the spectrum or the pitch angle distri-
bution may be poorly known; in case of air glow data the height distribution of the emission {s often known
only with a wide margin of uncertainty. Thus, the assembly of che model is a trieal and error method {n
which progress is measured {n terms of internal consistency.




5. NARRATIVE OF MODEL INGREDIENTS
a, Sporadic E

The presence of a certain type of Eg, often classified as Lkga, in close correlation with the
occurrence of discrete auroral arcs had been noticed for wmany years, Airborne investigations have
shown that Ega occurs in the form of a narrow band stretching approximately east-west; its latitude
of occurrence is indeed close to the location of a discrete arc; however, in the case of a moving arc
the spatial correlation is best, almost one, with a8 latitude where the auroral arc spent most of its
time during the preceeding 20 minutes. The height of occurrence is from 110 to 140 km. Oblique
Ega-traces occur on arctic ionograms up to virtual heights of several hundred km, This indicates a
backscatter mechanism from irregularities and excludes a wind-shear-produced horizontal discontinuity
which would not allow backscattering other than in the vertical direction.

The statistics of occurrence have been extracted from IGY data and were correlated with
those of the visible aurora as documented in Feldstein's ovals (Pittenger et al., 1971). For tnis
purpose the published Eg - data were replotted in CGL/CGT coordinates, whenever possible, and re-
sulted in a variety of patterns depending on magnetic activity, An example is shown in Figure 1
whichk shows the occurrence of Es for moderate magnetic activity and for two threshold values of fEg.
The patterns, besides following cdlosely the vhape of the Feldstein oval (for Q=3) shows, in addirion,
a large enhancement of occurrence in the sector from 19 to Ol CGT. It is known that most suroral E
sub-storms commence in that sector.

b. Night E i

This type of E-layer, classified as Eaq and also observed as such for manyv years, has now
been shown to have a Jistinct correlation to the auroral oval. This statement resulted solely from
airbor.ie measurements and was first obtained in the noon sector (Whalen et al,, 1971). Thc measure-
ments now have been extended to other sectors (see Wagner and Pike in this Volume), Figure 2 shows
the extent of occurrerce of Ea for moderate magnetic activity and the spatial relation to the auroral
oval. The statement on its probability of occurrence is still of a statistical nature as in that of
the oval (75% of time), This layer has a regular critical frequency which during the arctic winter
ranges between 2 and 3 MHz. During sunlit periods it shows up as a small enhancement (0.3 MHz) of
the regular sola: produced E-layer, 7Its height h'Ez is between 120 and 140 km. At its northern
edge the night E-iayer terminates at a latitude where the airglow at 6300R has maximum intensity and
where visible discrete aurora and Eg appears most of the time, The night E-layer produces in iono-
grams most of the time a trace spread in frequency indicating that it is interspersed by irregularities.

c. HF-Absorption

The general pattern of HF absorption ls shown in Figure 2 as marked by D4 (>200 dB.Msz).
The value is for night conditions; it is normalized for 1 MHz by assuming a frequency dependence
1/£2, This assumption, although known to be only of approximate validity, is good enough at the
presently achievable accuracy. A number of details ~re known how this pattern may change with
season and in that part of the Arctic which is illuminated by the sun, The main sources for this
information are: Hook (1968), Zhulina (1969), Berkey et al., (1971) and Berkey priv, comm. (1971), :
The results of Gorbushina (1970) although of considerable interest are not yet included., 1t is also i
known that in the sector 19 to 01 CG very strong but short living bursts of absorption occur when
substorms are in progress, (marked Ds)., The information of substorm absorption morphology is con-
tained in the results by Fritz (1968), Hartz and Brice (1967), Berkey et al. (1971), Hargreaves (1969)
and Jelly (1969).

d. The F-layer

The arctic F-layer undergoes the largest known day to day variations of any layer, but the
controlling parameter * are poorly known so far, Nevertheless, the following important features have
now been firmly established. The data sources are from our own observations mostly by aircraft, and
the results from Sato and Colin (1969), Heikkila and Winningham (1971), Frank and Ackerson (1971),
Thomas and Andrews (1968), Petrie (1966) and Burch (1968). North of about 60° CGL is a sometimes
drastic decrease of ionization, the "trough", stretching east-west and noticeable most of the time,
This southern edge of the trough is assumed, for the purpose of the model, as being identical with
the northern edge of the plasmasphere (P in Figure 2). The position of the plasmapause is assumed
to follow that described by Carpenter (1966)., For the position and morphology of the trough our
observations have becn combined with the results by Muldrew (:965) and by Nishida (1967). The
northern edge of the trough is located at a latitude within the auroral oval, The electron density
contour lines have steep slopes at both edges of the trough and are such that they give rise to
oblique radio sounding reflections up to 60° off the vertical, 1In northerly direction the trough is
terminated by the presence of & riug of enhanced {onization ('plasma ring" or "irregularity zone",

F in Figure 2) which surrounds the magnetic pole and leaves a circular area of lower ionization
("polar cavity") (Pike, 1971b). The ring of enhanced ionization is heavily interspersed with
irregulerities. These produce a peculiar and long known type of "spread” on ionograms which allows
to infer that the spread is produced by backscatter of non-vertical rays from ficld aligned ¢olumns
embedded in the F-layer (Gassmann, 1957), Figure 3 shows the F-layer fcatures for two different Ul's
12 hours apart. There is a UT dependence of the arctic (and antarctic) F-layer which had already
been noticed from IGY data of the Antarctic (Pike, 1970) and which shows in the Arctic at 18:00 UT a
fully developed "plasma ring”, In the example shown .t has been attempted to ar ive at some state-
ment on both the uncertainty of the model and th: fluctuations about the model, This asses.ment,
indicated in the figure caption, appeare poor in czatent and meager in extent. Improvement however
is possible only after :ollection and analysis of a larger data bhasc,
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Pigure 4 shows a snapshot of the arctic ionosphere in the form of a vertical crous-section,
Although the same uncertainties and fluctuations apply as indicated above the general character of
the picture is genuine and typical. It shows the occurrence of large tilts of the refracting layers
against the horizontal, This fact together with the map of figure 3 makes it obvious that any detailed
assessmeut of YF and VHF wave propagation in the arctic cannot be accomplished without & versatile
three-dimensional ray tracing computer program,

6. REAL-TIME SPECIFICATION AND PREDICTIONS

Since not all contro'ling parameters have been identified which are associated with large observable
variations the arctic ionosphere cannot yet be predicted. Neither the particular size of the auroral
oval follows clearly from magnetic variations nor can other fluctuations be correlated clearly with pre-
cursors observable somewhere else. An easier task is the specification in real-time. The model under
cevelopment is to a great deal based on and tied to the nine sizes of auroral ovals for Q from 0 to 8 as
listed and plotted by Whalen, 1970. The ionosphere defined by the model is fixed as soon as the particular
reference auroral oval is known. This seems possible. It has been possible to identify by HF-backscatter
soundings the edges of the trough trom large distances. 1In addition the latitude of Eg could be determined
by oblique soundings from a distance up to 800 km, Several existing and new observatories including one
to be established by us at Goose Bay are available for this purpose., The latter station will include
Loran A recordings which have proven to be useful to determine the latitude of absorption., This station
will also facilitate the determination of anorher F-layer feature not yet mentioned, the scintillation
boundary (see .I, Aarons, this Volume). At this time it is not resolved why this boundary does not coincide
with the southern edge of the irregularity zone (see 5.d.). Thke location of the auroral electrojet, which
in the present model is assumed being identical to the leccation of discrete aurcral arcs can be inferred
from magnetometer stations arrange: in a chain, of which two exist in North America, Certain satellite
flux data and topside soundings are available frcm which the instantaneous latitude of the "plasma ring"
and of the "trough'" along a particular orbit can be cbtained. That it is hoped and assumed that the
entire arctic picture can be inferred from those few real-time observations, appears justified in view of
the high consistency of the model developed so far. The model does not yet deal with very disturted condi-
tions., It also has not yet been refined to include detailed behavior during substorms,
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